The four-base loops that cap many doublehelical structures in rRNA (the so-called "tetra-loops") exhibit highly invariant to highly variable sequences depending upon their location in the molecule. However, in the vast majority of these cases the sequence of a tetra-loop is independent of its location and conforms to one of three general motifs, GNRA, UNCG, and (more rarely) CUUG. For the most frequently varying of the 16S rRNA tetra-loops, that at position 83 (Escherichia col numbering), the three sequences CUUG, UUCG, and GCAA account for almost all examples encountered, and each of them has independently arisen at least a dozen times. The closing base pair of tetra-loop hairpins reflects the loop sequence, tending to be COG for UUCG loops and G-C for CUUG loops.
The prediction of RNA structure from simple principles (e.g., base stacking energies) is an inexact art. Existing methods (1, 2) work acceptably well with simple molecules such as tRNAs, but with large molecules such as the rRNAs their utility is at best limited. However, higher-order structure for large RNAs can readily be inferred by the simple empirical approach of comparative (sequence) analysis, and the detailed secondary structures that now exist for the small-and large-subunit rRNAs attest to the approach's effectiveness (3) (4) (5) (6) .
Comparative analysis of sequences is obviously not confined to identification of standard secondary structure per se. The method in principle can detect any sequence constraints (for which compositional variants are known); it has been used to elucidate some of the "tertiary" interactions in rRNAs (6) (7) (8) (9) (10) , as well as to define the irregularities, such as "bulged" nucleotides, in secondary structural elements. It also serves effectively as the basis for designing directed mutagenesis experiments that allow structure to be inferred by assessing the functional consequences of changes therein, and it serves as an effective guide to the physical chemist who would determine nucleic acid structure. In the present communication we use comparative analysis to define the constraints on the sequence of the simplest helical structures in rRNAs, the so-called "tetra-loops" (double-stranded stalks capped by a loop of four nucleotides).
Although the finding was never formally published, comparative analysis long ago revealed that the tetra-loops in rRNA are highly constrained in sequence, the vast majority ofcases being covered by a very small number ofmotifs, such as CUUG, UUCG, or GCAA (C.R.W., unpublished lecture ¶ and cited in ref. 11 ). In addition, Tuerk et al. (11) have found (C)UUCG(G) tetra-loops to be particularly stable. The collection of small-subunit rRNA sequences is now large enough-i.e., in the range of 500-that the constraints governing the sequences of tetra-loops in this molecule can be defined in some detail. The smaller collection of 23S rRNA sequences is nevertheless large enough to assess the generality of any constraints derived from analysis of 16S rRNA. Fig. 1 shows a representative (eu)bacterial 16S rRNA secondary structure, that of Escherichia coli. Tetra-loops account for about 55% (i.e., 17) of all hairpin loops in this structure, the next most prevalent loop size (13% of the total) being 5 nucleotides. The large-subunit rRNA exhibits a similar pattern, with tetra-loops again being the most prevalent (38% of the total) and penta-loops the next (24%) (12) . Table 1 gives an overall impression of the sequence of the tetra-loops in prokaryotic 16S rRNAs and the variations that occur therein. It is immediately apparent that tetra-loop sequences are highly constrained, as are the evolutionarily permissible changes therein. Of the 16 bacterial tetra-loops listed in Table 1 , the dominant sequence of 9 of them fits the general pattern GNRA; and where significant variation in this sequence is encountered, the main alternative (which in almost all cases has arisen independently multiple times) tends to conform to the same pattern. More interestingly, in several cases where the dominant sequence is not of the form GNRA, one of the dominant alternative sequences is. A second sequence motif commonly encountered in 16S rRNA tetra-loops is UUCG (see Table 1 ). It is the dominant sequence in three of the bacterial cases, and serves as a main alternative in several others. The dominant sequence in all but three of the tetra-loops of Table 1 can be described by either GNRA or UNCG.
To a first approximation archaeal 11 16S rRNAs show the same tetra-loops as are found in bacterial 16S rRNAs. However, the archaeal 16S rRNA structure lacks four of the loops typical of bacteria and contains one not usually found in bacteria, at position 1135 (see Table 1 ). [The approximate bacterial homolog of the archaeal position 1135 structure almost always has a loop of five or six nucleotides (5, 6); see Fig. 1 .] For all but one of the tetra-loops in Fig. 1 , sequence is the same (or of the same general type) in both prokaryotic domains. Variations in the dominant sequences are also similar in the archaea and bacteria. For the lone exception, the loop at position 863, the sequence difference between the archaeal and bacterial versions appears to reflect the composition of the tertiary pairing between positions 866 and 570, which has a different characteristic composition in archaea than in bacteria (7) .
Three interrelated factors potentially influence the sequence ofa loop: the physical stability ofthe hairpin structure per se, interactions of a loop with other parts of the rRNA molecule (or other molecules), and the degree of selective tTo whom reprint requests should be addressed. 1Woese, C. R., Oral Presentation, Indiana University Symposium, Sept. 29-Oct. 2, 1985, Bloomington, IN. 'The terms"archaea" and "bacteria" are used herein in lieu of the more familiar "archaebacteria" and "eubacteria," in keeping with the recently proposed system oforganisms based upon the naturally delineated "domains" (13) .
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. pressure associated with a given sequence. In that loop sequence is, to a first approximation, independent of the loop's location in the overall molecule, and that we have so far failed to detect correlations between (sometimes drastic) sequence changes in a given tetra-loop and changes elsewhere in the 16S rRNA (with the exception of the abovementioned loop at position 863), we feel that (selection for) stability of the hairpin structure itself is the primary, though not necessarily the only, determinant of a tetra-loop's sequence.
Ofthe 16S rRNA tetra-loops, the one located at position 83 is perhaps the most interesting and informative. In more than 95% of bacterial examples, this loop comprises four nucleotides, and the sequence of both the loop and its underlying stalk vary frequently (unpublished analysis Tables 2 and 3  159  B  GAAA 100o  G-C 65%  CG 22%, A-U 11%  A   GAAA 100o  -GC 100%0  187  B  GCAUb 80%o  ACAU8%  C<G 70%  GC 19%o, UG 7%  208  B  UUCGC 40%o UUUA 25%, GCAA 11% C-G 59%o A.Ud 25%, G-C 7% A UYCGe 52% AUAU 12%, UCAG9o
aA, archaea; B, bacteria (13) . bAnalysis confined to cases in which stalk has -10 pairs (8).
cAnalysis confined to purple bacteria; too complex otherwise to describe in table. dClosing pair for (all) UUUA loops only.
'A few irregular forms encountered (not included in analysis).
TFusobacteria exhibit a loop of five nucleotides, not included in analysis.
ghe flavobacteria and relatives have a loop of three nucleotides, not included.
hPosition 866 is involved in a tertiary pseudoknot interaction (7). iA small fraction of loops appear to be closed with noncanonical pairs.
jA small fraction of loops are five nucleotides in length.
kMore than 98% of UUCG loops have a C G closing pair. 'Lowercase a signifies N6-dimethyladenosine (5, 14 Tables 2 and 3 show the phylogenetic distribution of the sequence of the position 83 tetra-loop and its (proximal) closing base pair. In 93% of cases, the loop proper has one of three sequences, CUUG (45%), UUCG (36%), or GCAA (13%). To a first approximation the three are more or less evenly distributed phylogenetically, and each of them has arisen independently at least a dozen times. Only 7 other tetra-loop sequences (ofthe 256 possible) have been observed at position 83, in addition to the tri-loop UUU (which has arisen independently at least seven times), and one example of a penta-loop (see Table 2 ). Moreover, some of these minor alternative sequences are obvious variations on one of the three principal motifs. For unknown reasons GCAA (and a very small number of GUAAs) are the only variants of the above-discussed GNRA motif encountered in this particular loop; this finding contrasts with the frequent occurrence of other variants, such as GAAA and GYGA, in tetra-loops elsewhere in the molecule (see Table 1 ). Two other highly variable tetra-loops, at positions 1029 and 1450, also show the same pattern-i.e., almost all of the examples of GNRA found in these two cases are confined to the GYAA pattern (the data of Table 1 show this in part).
It is apparent from (2) 24 (4) 17 (4) bIncludes walled relatives (17) cIncludes Clostridium, Heliobacterium, Sporomusa and others, and the fusobacteria.
dIncludes Flavobacterium, Flexibacter, Cytophaga, Bacteroides, and others (14, 18) . cIncludes spirochetes, treponemes, and leptospiras.
Includes green sulfur and nonsulfur, planctomyces, chlamydia, and deinococcus phyla (14) .
composition of the penultimate base pair, however, in that phylogenetic relationship is more evident in the composition of the penultimate pair than in the terminal pair (unpublished observation).
While C-G and G-C pairs account for roughly 25% and 30%, respectively, of all base pairs in a (mesophilic) bacterial 16S rRNA, they account for the vast majority of terminal closing pairs of hairpin loops in general-i.e., about 45% and 40%, respectively. For tetra-loops, C-G closures predominate, accounting for about 60%o of cases, while the G-C contribution drops to 20% or less. When the loop sequence is UUCG, the closing pair is CG in 82% of bacterial 16S rRNAs (not taking into account the tetra-loop at position 83) with U-G pairs accounting for 16%, almost all of the remaining cases. However, the latter are for the most part confined to particular helices in the 16S rRNA molecule. As might be expected, other tetra-loops belonging to the UNCG family are also closed almost exclusively by C-G pairs. Although relatively few UUCG tetra-loops are found in 23S rRNAs, 82% of these have C-G closures. And, as is known from other work (11) , (C)UUCG(G) loops seem characteristic of functional RNAs in general.
Loop-specific constraints on the composition ofthe closing pair for the other principal tetra-loop sequences are not so strict as for UUCG, and they tend to be loop-location specific as well. Except for the tetra-loop at position 83 (where its closing pair is almost always G-C), CUUG tetra-loops are , C*G ranks more than 10-fold above all others, A-U and G-C each accounting for about 7%, with other pairings occurring an order of magnitude less frequently than this. However, the A-U closing pair tends to be a significantly higher fraction of the total for those GYAAs in loops that undergo relatively frequent compositional variation. The 23S rRNA molecule shows no particularly strong bias toward any single composition of the closing pair for GYAA tetra-loops. It is apparent that under certain circumstances penta-and tri-loops substitute for tetra-loops. Penta-loops replace the normal 16S rRNA tetra-loops at positions 380, 1029, and 1450 in several major bacterial groups; they also occur as occasional exceptions to tetra-loops elsewhere in the molecule in many bacterial groups (see Table 1 ). The sequence of these penta-loops often appears derivative of one of the dominant tetra-loop motifs-e.g., CUUGU. The tri-loops that replace tetra-loops occur as rare variants in almost all cases, most having the sequence UUU (with a closing pyrimidine-purine pair) (see Table 3 ). Their limited and spotty phylogenetic distribution suggests that tri-loops are under negative selection pressure. The only phylogenetically stable tri-loop replacement for a tetra-loop in bacterial 16S rRNA is found at position 420; its sequence is UNU, and it is confined to the flavobacteria and relatives (refs. 14 and 18; C.R.W., unpublished analysis).
Given the exceptional stability of the (C)UUCG(G) tetraloop (11) , this sequence might occur in the nonloop regions of rRNA with lower than random expected frequency, for it could potentially form a structure capable of interfering with normal molecular folding, and so be selected against. We have tallied the occurrence of all sequences of the form XCNNNNGX' (where X and X' form a canonical pair) in areas of 16S rRNA that are not in tetra-or penta-loop conformation. The sequence XCUUCGGX' is found only six times in such nonloop regions. While this number of occur- Although the six occurrences of XCUUCGGX' are all phylogenetically independent, they are confined to two positions in the molecule (one occurrence at position 137 and five at position 849), and all have the form ACUUCGGU. This restricted distribution is consistent with a weak selective pressure against the occurrence of the sequence XCU-UCGGX' in 16S rRNA.
